HE indications for pedicle screw fixation in the thoracic spine continue to expand the more familiar surgeons become with the anatomy and techniques for pedicle fixation. 1, 3, 7, 13, 17, 18, 21 By providing rigid fixation, pedicle screws allow for greater correction of deformity 18 and greater pullout strength than traditional hook/rod constructs. 12 Whereas the authors of initial reports suggested screw misplacement rates of up to 41%, 20 those of more recent studies indicate rates of approximately 10%, with an incidence of neural complications of less than 1%. 18, 25 Stereotactic navigation for placement of thoracic pedicle screws has been shown to decrease the occurrence of cortical perforation compared with the use of anatomical landmarks and standard fluoroscopy. 25 There is no consistent method, however, with which to evaluate screw placement accuracy in the literature concerning thoracic pedicle screws.
pedicle screw placement. 19 In one previous study the authors examined the accuracy of CT scanning to identify pedicle screw placement in the lumbar spine. 24 The authors did not consider the unique anatomy of the thoracic spine, nor did they use a grading system to differentiate the severity of pedicle screw misplacement. To our knowledge, there have been no other studies conducted to evaluate the reliability of CT scanning as a modality for assessing the accuracy of thoracic pedicle screw placement. To validate CT scanning in this endeavor, we compared pedicle screw placement demonstrated on CT scans with direct visualization in a cadaveric thoracic spine.
Materials and Methods
Eight thoracic spines were harvested from fresh-frozen adult cadavers for use in our analysis. In these eight specimens, 155 pedicles were instrumented. Preinstrumentation CT scans were obtained to determine the diameter of the thoracic pedicles. Pedicles less than 4.5 mm were not instrumented. Pedicles 4.5 to 5.5 mm were instrumented using 4.5-mm screws (Danek M8 screws; Sofamor Danek, Memphis, TN). The remaining pedicles were instrumented with 5.5-mm screws (Dynalok screws; Sofamor Danek). Titanium pedicle screws were placed using either a freehand technique or stereotactic or virtual fluoroscopy. Regardless of whether the pedicle was instrumented with the assistance of stereotaxy, the same basic technique was performed. 4 After the spines had been instrumented, we performed CT scanning (CT/I scanner; General Electric, Milwaukee, WI). The protocol for imaging each spine consisted of 3-mm axial cuts with 1-mm overlap. Window settings were adjusted for optimum visualization of the screws and bone.
Each pedicle was assigned a grade from Grade 0 to 3. The grading scale is as follows: 0 reflected no perforation of the pedicle, 1 indicated less than 2 mm of perforation of the pedicle with one screw thread out of the pedicle, 2 represented 2 to 4 mm of perforation of the pedicle, and Grade 3 reflected greater than 4 mm. Medial and lateral perforations were grouped together for final analysis because of the small number of medial perforations in the study (see Results). Examples of each CT-visualized grade are shown in Fig.  1 . Each spine was then directly visualized and assigned a grade as well. Figure 2 provides examples of Grades 1 and 2. Grading, both on CT scans and direct inspection, was performed by the senior author (A.T.D.), who was blinded to which CT scans correlated with each specimen.
Results
The positioning of 155 pedicle screws were graded based on CT scans and on direct visual inspection of each specimen. Figure 3 shows the distribution of grades between the two methods of measurement. Based on results of CT evaluation Grade 0 was assigned to 110 pedicle screws, whereas Grade 0 was assigned to 122 screws based on direct visualization. There were 32 Grade 1 screws based on CT examination compared with 23 based on direct visualization. There were 13 Grade 2 scores based on CT studies versus 10 based on direct visualization. There were no Grade 3 screws determined using either technique. Only six screws appeared to be medially placed on CT examination, whereas four appeared to be medially placed on visual inspection. Because of the small number of medial perforations compared with the total number of perforations, all screw perforations were grouped together for statistical analysis.
We then calculated a Kappa value (performed with SPSS for Windows; SPSS, Chicago, IL), which is a reliability test used to determine observed agreement between techniques of measure. 11 In other words, how do these two methods for assessing the accuracy of pedicle screw placement in the thoracic spine compare? A Kappa value closer to 1 suggests a perfect association of agreement (that is, that CT measurement is just as accurate as direct visualization), whereas a value closer to 0 suggests any observed agreement is likely to be just chance. We found a Kappa value of 0.507, which suggests a moderate degree of agreement. 19 We then calculated sensitivity, specificity, positive predictive value, and negative predictive value of CT scanning as a measure of the accuracy of pedicle screw placement (also performed with SPSS). We assumed that direct visual inspection of the instrumented specimen is the gold standard for determining such accuracy because the specimen can be viewed in all dimensions. We found a sensitivity of 86%, a specificity of 85%, a positive predictive value of 95%, and a negative predictive value of 62%.
Discussion
Placement of pedicle screws for spinal stabilization is a common procedure. In the lumbar spine, screw placement is made easier by the larger pedicles and less dangerous because of the lack of major vital structures. 4, 6, 15, 22, 26 Instrumentation for thoracic fixation has more traditionally been of pedicle and laminar hooks because of the smaller diameters of thoracic pedicles and the proximity of important neural and vascular structures. 5, 9, 20 Investigators of pedicle morphometry have revealed that the superoinferior diameter of the thoracic pedicle is much greater than the mediolateral diameter, with the narrowest pedicles occurring at T-5 or T-6 and measuring less than 4.5 mm on average. 2, 5, 10 Additionally, the medial wall is significantly thicker than the lateral wall and may explain why most pedicle fractures after screw placement occur laterally. 9 Accurate placement of screws is paramount, because the dural sac lies immediately adjacent to the pedicle throughout the thoracic spine. 5 Numerous techniques have been conducted to make instrumentation-related fixation of the thoracic spine easier; 4, 8, 13, 16, 20, 23 however, transpedicular fixation in the thoracic spine is generally limited to those cases in which the clinical indication is clear. 13, 20 Recently, a number of articles have appeared in which the authors describe pedicle screw fixation in the thoracic spine. 4, 7, 12, 13, 17, 18, 20 Surgeons have successfully used thoracic pedicle screw fixation for a variety of indications including idiopathic scoliosis, traumatic injury, and tumor. The ability to achieve greater correction of a deformity and maintain that correction has led to wider application of transpedicular fixation in the thoracic spine. In many reports the authors have outlined the accuracy of various techniques in vivo by using postoperative CT examination to determine the accuracy of screw positioning. 1, 4, 7, 12, 13, 17, 18, 20, 25 Perforation rates (medial and lateral) have been reported to range from 1 to 43% when these methods are performed. 1 To our knowledge, there has not been a critical examination of the ability of CT scanning to assess the accuracy of pedicle screw placement in the thoracic spine. We therefore undertook this study to validate this modality for assessing the accuracy of pedicle screw placement, particularly in the thoracic spine where the pedicles are smaller and misplaced screws can be less forgiving. We found that CT scanning has a moderate measure of agreement compared with a standard of direct visual inspection of the specimen (Kappa value 0.51). This suggests that CT scanning provides an adequate assessment of screw accuracy in vitro or in vivo.
Using direct visual inspection of the pedicle as the gold standard of pedicle screw placement, we also determined the sensitivity, specificity, and positive and negative predictive values of CT-documented accuracy. With a specificity and sensitivity of 86 and 85%, respectively, CT evaluation is comparable with the gold standard (direct visual inspection) as a test of proper screw placement. These values are consistent with others reported in the literature with respect to evaluation of screws in the lumbar spine. 24 With a positive predictive value of 95%, when CT scanning demonstrated that a pedicle screw was in place, it was in fact most likely in place. We found, however, that CT scanning has a negative predictive value of 62%, which suggests that when CT scanning demonstrated that a screw was misplaced, it was only correct 62% of the time. In essence, CT scanning seems to overestimate screw misplacement. The reason for the appearance of screw breakout on CT scans, despite apparent pedicle integrity with direct visualization, probably lies in the phenomenon of plastic deformation of bone. 14, 15 This occurs once the endosteal diameter of the pedicle is exceeded by the screw size or within 80% of the outer cortical diameter.
14 Deformation may occur without pedicle fracture or screw cutout. In the study by Sjostrom, et al., 15 the authors showed, in an in vivo setting, that pedicle screws increase a pedicle's width, giving credence to the principle of plastic deformation. Surgeons should therefore take plastic deformation of the pedicle into consideration when CT scanning demonstrates a titanium pedicle screw that appears to perforate the pedicle minimally.
We have shown that CT scanning can be used reliably to assess the accuracy of thoracic pedicle screw placement. This validates it as a tool both clinically and in the laboratory. Yoo, et al., 24 found a significantly lower sensitivity and specificity for CT scanning when they evaluated cobalt-chrome screws compared with titanium screws in the lumbar spine. They concluded that in the setting of chrome-cobalt screws, CT scanning could not be relied on alone to provide accurate information after screw placement. Analysis of our results suggests that while CT scanning has good sensitivity and specificity for evaluation of titanium screw placement in the thoracic spine, it tends to exaggerate a minimal violation of the pedicle by a screw. Proper placement of pedicle screws is important for structural stability and avoidance of vital structures. Screw stability is dependent on the purchase it obtains within the cancellous portion of the pedicle, 18 and the ability to demonstrate this on CT scans has obvious importance. We conclude from this study that CT scanning is a useful and reliable tool for assessing the accuracy of thoracic pedicle screw placement. Because of plastic deformation of the pedicles following screw placement, however, CT scanning tends to be overly sensitive to screws that appear to be placed adjacent to the pedicle yet remain within the cortical margins.
